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Adenosine monophosphate (AMP)-activated protein kinase (AMPK) acts as an energy sensor in skeletal muscle (45) and is activated by changes in AMP during exercise or other metabolic challenges (29) . Structurally, AMPK is a heterotrimeric complex, consisting of ␣-, ␤-, and ␥-subunits (6, 15, 52), where the ␣-subunit serves as the catalytic portion of the enzyme (15, 56, 59) . Two isoforms, namely AMPK␣ 1 and AMPK␣ 2 , are coexpressed in muscle, but the AMPK␣ 2 isoform is expressed to a greater extent (50) . Studies that have used a muscle-specific AMPK␣ 2 kinase dead transgenic mice (AMPK␣ 2 KD) or whole body AMPK␣ 2 knockout mice (AMPK␣ 2 KO) have reported that the AMPK␣ 2 subunit plays a critical role in regulating a variety of metabolic proteins. For example, AMPK␣ 2 influences the contraction-stimulated activation of AMPK (21) , glucose uptake (27, 34) , mitochondrial enzymes (34) , and FAT/CD36 translocation (20) . Rockl et al. (39) have also reported that 6 wk of voluntary wheel running induces a fiber type IIb to IIa/x transition in tricep muscles, but that this fiber transition was attenuated among AMPK␣ 2 KD mice. Moreover, Lee-Young et al. (26) have demonstrated that, in human skeletal muscle, an acute bout of exercise activates AMPK in a fiber type-specific manner, where AMPK␣ Thr172 phosphorylation was increased by ϳ40% among type I and IIa fibers and by ϳ60% among IIx fibers. Thus exercise differentially activates AMPK in a fiber type-specific manner, which may stimulate fiber-specific adaptations for downstream targets of AMPK.
The role of AMPK in the regulation of SERCA1a and SERCA2a expression in different skeletal muscle fiber types remains poorly understood. SERCA proteins are responsible for 40 -50% energy utilization during muscle contraction (49) , so it is conceivable that the regulation of SERCA isoform expression may be sensitive to the energy status of the muscle fiber. Therefore, the present study was designed to determine whether AMPK␣ 2 regulates SERCA1a and SERCA2a expression and function in skeletal muscle from sedentary or exercise-trained C57BL/6 wild-type and AMPK␣ 2 KD transgenic mice. Recent advancements in laser capture microdissection (LCM) technology have made it possible to dissect areas of high type I or II fiber type composition from muscle cross sections (58) . Therefore, we determined whether type I or type II fiber areas are differentially adapting to exercise training.
MATERIALS AND METHODS
Animals. Animals were treated in accordance with the guidelines of the Canadian Council on Animal Care (5) and with the approval of the University of Manitoba Animal Protocol Management and Review Committee. Dr. Morris Birnbaum (University of Pennsylvania) kindly provided us with muscle-specific AMPK␣2KD transgenic mice to establish a breeding colony. All mice were genotyped using tail-snip samples and PCR, using forward primer (5=-CGAGGTCGACGGTATC-GATAAGCTTGATATC-3=) and reverse primer (5=-GAAGGAAC-CCGTTTGGAGGACTGGAGGCGAGG-3=). We made the decision to utilize this animal model because the transgenic manipulation knocks down all detectable AMPK␣2 activity and significantly reduces endogenous AMPK␣1 activity (35, 51) . KD mice (n ϭ 16) and their wild-type (WT; n ϭ 16, 8 wk old) littermates were fed standard rodent chow (Test Diet product 5TJS; 12% kcal from fat, 72% kcal from carbohydrates, and 16% kcal from protein) ad libitum for a period of 5 mo.
Exercise training and testing. Voluntary wheel running was utilized as the exercise training model because it is an effective tool for modifying AMPK activity in vivo (28, 53) . To utilize this approach, one-half of the WT (n ϭ 8) and KD mice (n ϭ 8) were housed in standard animal cages for the duration of the project and were considered to be sedentary (Sed; i.e., nonexercise trained). The remaining animals were housed in cages with voluntary running wheels for the duration of the 5-mo protocol and were considered to be the exercise-trained (Ex) group.
A graded treadmill exercise test was performed to determine whether wheel running induced training adaptations (e.g., increased maximal running speed) in the Ex mice, as previously described by Hoydal et al. (18) . For baseline testing, mice were placed on a Columbus Instruments Exer-3/6 Treadmill, and the initial speed was set to 7 m/min. The speed was then increased by 1.6 m/min until fatigue. For follow-up testing, the initial treadmill speed was set to 60% of their previous maximum speed for 2 min and then increased to 70, 80, and 95% of their previous maximum speed for 2-min intervals. From this point, the treadmill speed was increased by 0.8 m/min until the animal was fatigued. Graded exercise tests were conducted monthly (i.e., baseline, 1, 2, 3, 4, and 5 mo); however, only the 5-mo data have been reported.
Tissue isolation. After the completion of the 5-mo protocol, all animals were transferred to standard cages 2 h before being anesthetized by an intraperitoneal injection of ketamine-xylazine (150:100 mg/kg). Gastroc muscle from one leg was surgically removed. Onehalf of the tissue was immediately frozen in liquid N2, and the remaining tissue was homogenized for 60 s by hand using a glass mortar and pestle (Kimble Chase Glassware; 885451-0021, 885452-0021) on ice and diluted 1:10 (wt/vol) in ice-cold buffer (pH 7.5) containing 250 mmol/l sucrose, 5 mmol/l HEPES, 0.2 mmol/l phenylmethylsulfonyl fluoride, and 0.2% sodium azide (NaN3). The gastroc from the second leg was isolated and placed in a cryomold, covered with Tissue-Tek OCT compound (no. 14 -373-65; Fisher Scientific) and frozen in melting isopentane on liquid nitrogen. Following removal of tissue, animals were euthanized. Tissue and tissue homogenates were stored at Ϫ80°C until future analysis. Before analysis, crude homogenates were centrifuged at low speed, after which total protein content was quantified in triplicate for each sample using the bovine serum albumin protein assay.
Western blotting. Crude muscle homogenates were diluted with loading buffer, and 20 g of total protein were loaded into each well. Samples were then resolved using 7.5-15% SDS-polyacrylamide gels (depending on protein size), followed by semidry transfer onto polyvinylidene difluoride membranes (Bio-Rad Laboratories). Membranes were blocked with either 5% milk or 5% bovine serum albumin in Tris-buffered saline Tween 20 , and anticytochrome-c oxidase (COX IV; no. 4844, Cell Signaling Technology) primary antibodies. All primary antibody dilutions were 1:1,000. After washing three times, membranes were incubated with secondary antibodies conjugated to horseradish peroxidase specific to the species required for each primary antibody, as indicated on the material data sheets provided by the antibody suppliers. Blots were then visualized using ECL reagent (no. 32106, Thermo Scientific, or no. RPN2232, Amersham) and characterized with the Fluor-S-Max MultiImager (Bio-Rad Laboratories). Anti-␤-tubulin antibodies (no. 2128, Cell Signaling Technology) were used as gel loading controls. For each antibody, the linearity of progressive increase in protein content was established before experiments were conducted (data not shown). Relative protein levels were determined by scanning densitometry using Quantity One version 4.6.9 (Bio-Rad Laboratories), and values were expressed as a percentage (%) of standard. Values were normalized to control samples and expressed as percentage of control. All samples were analyzed in duplicate and on different gels.
Ca
2ϩ -dependent SERCA activity. Measurement of Ca 2ϩ -dependent SERCA activity was made using crude muscle homogenates, as previously described by Simonides and van Hardeveld (46) , as modified by Duhamel et al. (8) for use on a plate reader (SPECTRAmax; Molecular Devices). Cyclopiazonic acid (40 M), which is a specific inhibitor of SERCA, was including in one reaction for each sample. SERCA-dependent ATPase activity was then calculated based on the difference between the ATP hydrolysis rate stimulated by Ca 2ϩ in the absence and presence of cyclopiazonic acid (44) . Three SERCA kinetic properties have been assessed, namely, Vmax (maximal SERCA activity), Hill coefficient, which is defined as the relationship between SERCA activity and cytosolic free Ca 2ϩ for 10 -90% of Vmax, and calcium concentration producing half-maximal activation (Ca50), which is defined as the cytosolic free Ca 2ϩ required to activate the enzyme to 50% Vmax.
Immunohistochemistry. Gastroc samples mounted in OCT were sectioned into 12-m-thick cross sections at Ϫ20°C in the transverse plane using a Cryostat machine (Leica Microsystems). After sectioning, slides were fixed in 4% paraformaldehyde for 20 min, followed by three washes for 15 min in 0.1 M phosphate-buffered saline (PBS; 0.1 M phosphate buffer with 0.9% NaCl). Slides were then incubated in 0.1 M PBS and 10% normal donkey serum for 1 h at room temperature (RT), followed by an overnight incubation at RT in mouse anti-MHC-1 antibody (no. M-8421; Sigma; 1:10,000) diluted in 0.1 M PBS and 1% normal donkey serum. After three washes for 10 min in 0.1 M PBS, slides were incubated in donkey anti-mouse antibody (no. 715-065-150; Jackson Laboratories; 1:500) diluted in 0.1 M PBS and 1% normal donkey serum for 1 h at RT. Slides were washed another three times for 10 min in 0.1 M PBS, and then the tissues were treated with Vectastain ABC (no. PK-4000; Vector Laboratories) for 1 h at RT. After two additional washes for 10 min in 0.1 M PBS and one wash for 10 min in 0.05 M Tris·HCl (pH 8.0) were performed, tissues were incubated twice for 10 min each in ImmPACT DAB peroxidase substrate (Vector Laboratories). Finally, slides were washed three times for 10 min in 0.05 M Tris·HCl (pH 8.0), dehydrated through a series of increasing alcohol solutions, and then mounted. Type I muscle fibers were stained dark brown, distinguishing them from type II muscle fibers which stained a light color (Fig. 1A) .
LCM. A Zeiss PALM MicroBeam LCM system (Carl Zeiss Canada) was utilized, as previously described by Woodrow et al. (60) , with some modification. Immunohistochemical staining of MHC-1␤ was completed on one slice of tissue (Fig. 1A) . Subsequent slices of tissue were then stained with cresyl violet stain to highlight crosssection structure (Fig. 1B) . Areas of ϳ7,500 m 2 of muscle tissue, which corresponded to an area of high percentage type I muscle fibers, as identified by the immunohistochemical staining, were then dissected from each tissue slice (Fig. 1C) . Following LCM, 20 l of the lysis buffer RLT (Qiagen) containing ␤-mercaptoethanol was added to the dissected tissue and incubated for 30 min. The sample was subsequently centrifuged at 10,000 rpm and stored at Ϫ80°C. For simplicity, we will refer to this LCM-enriched type I fiber population as "LCM-typeI." The same procedure was carried out for an area of high percentage type II muscle fibers (LCM-typeII). Following the LCM of enriched type I and type II muscle fiber areas from a single slice, the whole tissue from the next slice in the series was dissected (LCM-whole). Enrichment of type I muscle fibers was 97-99% higher in LCM-typeI compared with LCM-typeII samples, indicating that the LCM technique was effective in selecting areas with high or low expression of type I muscle fibers. Our decision to examine LCMtypeI and LCM-typeII samples from the gastroc was made because it enables direct comparison of adaptations in muscle fibers that are located in close proximity to each other under similar recruitment patterns, albeit where motor units are activated based on the size principle during contractile activity (12, 16) . Other researchers have examined fiber type-specific adaptations to exercise in mice by comparing fibers isolated from the soleus (i.e., fiber composition of 22% type I; 78% type IIa) to extensor digitorum longus (fiber composition of 12% type I; 28% type IIa, and 60% type IIx/b) (23). We decided not to use this alternate approach in our study, because the recruitment patterns for the soleus and extensor digitorum longus differ significantly during treadmill running (19, 40, 48) .
RNA isolation from LCM samples. RNA was isolated from LCM samples using the RNeasy Micro Kit (Qiagen), as per the manufacturer's protocol, with the following modifications. Microdissected samples (LCM-typeI and LCM-typeII fibers) were pooled, and volume was adjusted with buffer RLT to 300 l. Carrier RNA (20 ng) was added to each sample, followed by 293 l RNase free H2O and 7 l proteinase k. The samples were incubated at 55°C for 10 min, after which 300 l of ethanol were added to the solution. RNA from LCM-whole gastroc samples was isolated in a similar manner, except carrier RNA was not added. Following RNA isolation, RNA concentration, protein contamination, and RNA integrity of all samples were assessed using the 2100 Bioanalyzer (2100 Bioanalyzer RNA Pico 6000 kit and 2100 Expert Software; Agilent Tehnologies).
Reverse transcription and quantitative-polymerase chain reaction of LCM samples. Total RNA (8.1 ng) was reversed transcribed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen), and the resulting cDNA was preamplified (14 cycles) using the TaqMan PreAmp Master Mix Kit (Applied Biosystems) in a Master Cycler Gradient thermal cycler (Eppendorf). The preamplified cDNA was amplified by quantitative PCR using the following TaqMan probes: MHC␤, Mm01319006_g1; PGC-1␣, Mm01208835_m1; SERCA1, Mm01275320_m1; SERCA2, Mm01201431_m1; RyR1, Mm01175211_m1; ␤-tubulin, Mm00726185_s1. Each reaction contained 1 l of TaqMan Gene Expression Assay, 4 l of nuclease-free water, 10 l of iTaq Universal Probes Supermix (Bio-Rad Laboratories), and 5 l of preamplified cDNA. Following an initial 1-min incubation at 95°C, thermal cycling was performed using 40 cycles of 95°C for 15 s and 60°C for 30 s. Changes in target mRNA expression were normalized to ␤-tubulin using the ⌬⌬Ct method (30), whereby ⌬Ct of ␤-tubulin was subtracted from ⌬Ct of each sample gene.
Statistical analyses. Data are presented as means Ϯ SE. A two-way ANOVA (2 between-group comparisons) was utilized to detect differences between experimental groups. Where significant differences were found, Newman-Keuls post hoc procedures were used to compare specific means. Significance was accepted at P Ͻ 0.05.
RESULTS
Animal characteristics. WT mice with access to the voluntary running wheels ran an average of 4 Ϯ 1 km/day, whereas KD mice ran an average of 5 Ϯ 1 km/day. Table 1 summarizes the general characteristics of the experimental animals. No differences in body weight, heart weight, or heart-to-body mass ratio were observed between experimental groups. As expected, maximum speeds achieved during the graded exercise treadmill test were 23% faster among WT mice compared with KD mice (P Ͻ 0.05; main effect). Likewise, maximum running speeds were 44% faster in Ex mice compared with Sed mice (P Ͻ 0.01; main effect).
AMPK␣ phosphorylation. To verify that AMPK activation was modified in the transgenic animal model as well as by exercise training, we assessed the relative levels of total AMPK and phosphorylated AMPK␣ Thr172 (Fig. 2) . We also assessed the relative levels of phosphorylated ACC (p-ACC), which is a downstream target activated by AMPK, and COX IV, which is a marker of mitochondrial content. Although total AMPK content in gastroc muscle was not statistically different between WT and KD mice or modified by exercise training, a main effect of genotype was observed for p-AMPK␣ Thr172 , p-AMPK␣ Thr172 -to-AMPK ratio, p-ACC, and COX IV, where WT Ͼ KD (P Ͻ 0.05). Likewise, there was a main effect of exercise observed for p-AMPK␣ Thr172 and COX IV, where Sed Ͻ Ex (P Ͻ 0.05). In contrast, exercise training did not alter p-ACC in either WT or KD mice.
Exercise training enhanced SERCA1a and SERCA2a protein content in gastroc muscle. Western blotting was used to characterize relative changes in SERCA1a and SERCA2a protein content in gastroc muscle samples isolated from Sed and Ex WT and KD mice (Fig. 3) . Notably, SERCA1a protein content was ϳ30% lower (P Ͻ 0.05; main effect) among KD mice, compared with their WT littermates. A main effect of exercise training was also observed, where SERCA1a protein content was ϳ40% higher (P Ͻ 0.05) among Ex mice, compared with their Sed littermates. In contrast, SERCA2a protein content was not different among KD mice, compared with WT mice. However, exercise training did increase SERCA2a protein by ϳ25% among Ex mice, compared with their Sed littermates (P Ͻ 0.05; main effect).
Changes in PLN protein content were characterized as PLN is expressed in type I muscle fibers isolated from mice (47). PLN is not expressed in type II fibers isolated from mice (47) . Total PLN protein content was ϳ20% higher (P Ͻ 0.05; main effect) among gastroc muscle isolated from KD mice, compared with their WT littermates. A main effect of exercise training was also observed, where total PLN protein content was ϳ20% lower (P Ͻ 0.05) among Ex mice, compared with their Sed littermates. Likewise, changes in PLN phosphorylation were examined because this protein inhibits SERCA activity when in its unphosphorylated form (3) . No differences between any groups were detected for p-PLN Thr17 phosphorylation levels. In contrast, p-PLN Ser16 phosphorylation increased by ϳ158% in Ex WT mice compared with their Sed counterparts (P Ͻ 0.05). However, exercise training did not alter p-PLN Ser16 phosphorylation in KD mice.
Maximal SERCA activity was lower among KD mice. Maximal Ca 2ϩ -stimulated SERCA activity (Fig. 4 ) was ϳ14% lower (P Ͻ 0.05; main effect) among KD mice, compared with their WT littermates. However, exercise training did not alter V max in either WT or KD mice. The Hill coefficient was not different between any of the experimental groups. In contrast, an interaction effect (P Ͻ 0.05) was observed for Ca 50 mRNA expression from laser captured samples. To determine whether type I or type II muscle fibers were differentially influenced by genotype or exercise training, the mRNA levels of MHC-1␤, SERCA1a, and SERCA2a were examined (Fig. 5) . The relative expression level of MHC-1␤ was 40-to 200-fold higher in LCM-typeI tissue, compared with LCMtypeII tissue. Exercise-training increased MHC-1␤ mRNA by 345% in LCM-whole tissue samples isolated from WT mice, compared with WT Sed mice (P Ͻ 0.05). However, exercise training did not alter the expression of MHC-1␤ in LCM-whole tissue samples isolated from KD mice. A similar response was observed for MHC-1␤ among both LCM-typeI and LCMtypeII samples isolated from WT mice, where exercise training . †Main effect of genotype was observed for SERCA1a, where WT Ͼ KD (P Ͻ 0.05) and for PLN, where WT Ͻ KD (P Ͻ 0.05). ‡Main effect of exercise was observed for SERCA1a and SERCA2a, where Sed Ͻ Ex (P Ͻ 0.05) and for PLN, where Sed Ͼ Ex (P Ͻ 0.05). *Different from Sed of same genotype (P Ͻ 0.05).
increased MHC-1␤ mRNA by ϳ1.7-and 10-fold, compared with WT Sed mice (P Ͻ 0.05). However, exercise training was without effect in either tissue isolated from KD mice.
The relative expression level of SERCA1a mRNA was twoto fourfold lower in LCM-typeI tissue, compared with LCMtypeII tissue. For SERCA1a mRNA, there was no effect of genotype in LCM-whole tissue samples (Fig. 5 ). However, a main effect of exercise training was observed for SERCA1a mRNA expression in LCM-whole tissue, where Sed Ͻ Ex (P Ͻ 0.05). In contrast, SERCA1a mRNA expression was not altered by genotype or exercise training in LCM-typeI tissue. Although SERCA1a mRNA was not altered by genotype, a main effect of exercise was observed, where Sed Ͻ Ex (P Ͻ 0.05) in LCM-typeII tissue.
The relative expression level of SERCA2a mRNA was 20-to 600-fold higher in LCM-typeI tissue, compared with LCMtypeII tissue. For SERCA2a mRNA, there was no effect of genotype in LCM-whole tissue samples. However, a main effect of exercise training was observed for SERCA2a mRNA expression, where Sed Ͻ Ex (P Ͻ 0.05) in LCM-whole tissue samples. An interaction effect was observed for SERCA2a mRNA in LCM-typeI tissue. Specifically, SERCA2a mRNA expression was not different when comparisons were made between WTϩSed and KDϩSed mice. However, SERCA2a mRNA increased by 30-fold in Ex WT mice, compared with their Sed counterparts (P Ͻ 0.01). In contrast, the exercisestimulated response was blunted in KD mice, where exercise training stimulated a ninefold increase for SERCA2a mRNA in LCM-typeI tissue (P Ͻ 0.01). In fact, SERCA2a mRNA expression in LCM-typeI tissue was ϳ54% lower among KDϩEx mice, compared with WTϩEx mice (P Ͻ 0.01). Finally, the pattern of change for SERCA2a mRNA in LCMtypeII tissue was similar to that observed for LCM-whole tissue, where genotype had no effect, but a main effect of exercise increased SERCA2a mRNA by more than fourfold (P Ͻ 0.05).
DISCUSSION
Our data indicates that KD mice have lower AMPK phosphorylation, lower SERCA1a protein, higher levels of PLN protein, and lower maximal SERCA activity, compared with their WT littermates. Moreover, exercise training enhanced AMPK phosphorylation and upregulated SERCA1a, SERCA2a, and PLN protein content among both WT and KD mice, compared with their Sed counterparts. We are the first to report that exercise training induced a 30-fold increase for SERCA2a mRNA expression among type I fibers isolated from WT mice, but that this exercise-stimulated effect was blunted among KD mice. There was a parallel exercise-stimulated increase in MHC-1␤ expression among type I fibers isolated from WT mice and a blunting of this exercise-stimulated response among type I fibers isolated from KD mice, which is consistent with the fiber type transition and a change in SERCA2a transcriptional regulation. In contrast, SERCA1a mRNA expression was not altered by genotype or exercise among type I fibers. Exercise training also upregulated SERCA1a and SERCA2a mRNA among type II fibers, but genotype did not modify this effect. Collectively, these data suggest that exercise training differentially influences SERCA isoform expression in type I and type II fibers. KD mice are characterized by reduced AMPK signaling, but are still able to adapt to exercise training. Our data support previous reports indicating that KD mice are characterized by ϳ46% lower p-AMPK␣ Thr172 /AMPK (14, 20, 34) , ϳ60% lower p-ACC (14) , and reduced exercise capacity compared with WT mice (11) . Even so, KD mice were able to improve their maximal running speed following 5 mo of exercise training. Exercise training also upregulated COX IV protein levels by ϳ60% in skeletal muscle isolated from KD mice, albeit at a lower level than that observed among WT mice. These data support a previous publication that reported that impaired AMPK␣ 2 activity partially blunts the contractionstimulated activation of AMPK (21) and mitochondrial enzymes (34) . Thus it appears that exercise training activates multiple pathways to influence energy homeostasis. Alternatively, it is possible that the residual phosphorylation of AMPK observed among KD mice in the present study is sufficient to stimulate adaptations to exercise training.
Regulation of SERCA1a and SERCA2a in skeletal muscle. We are the first to report that Sed KD mice are characterized by a ϳ27% lower SERCA1a protein content in gastroc, compared with Sed WT mice. In contrast, an effect of genotype was not observed for SERCA2a in gastroc. Even so, maximal SERCA activity (V max ) was reduced by ϳ12-14% in Sed and Ex KD mice, compared with their WT counterparts. This pattern of change is similar to that observed for SERCA1a protein content. Based on the fact that SERCA1a has a much higher ATP hydrolysis rate than does SERCA2a (31), it is possible that the lower expression of SERCA1a may explain the observed pattern of change for V max in KD mice, compared with WT mice. It is important to indicate that the Ca 2ϩ -dependent SERCA activity assay employed in this study cannot be used to assess the activity of specific SERCA protein isoforms. Thus we cannot determine whether changes in SERCA1a or SERCA2a protein content contributed to the observed changes in V max .
It has previously been demonstrated that exercise training enhances AMPK activity (37, 38) and increases SERCA1a and SERCA2a isoform content and function in skeletal muscle (4, 8, 9, 13, 25) . In the present study, exercise training enhanced SERCA1a protein content in the gastroc isolated from both WT (ϳ47% increase) and KD (ϳ66% increase) mice, compared with their Sed counterparts. Exercise training also enhanced SERCA2a protein content in skeletal muscle. It is possible that exercise training enhanced SERCA1a and SERCA2a protein content by lowering the posttranslational rate of SERCA2a protein turnover. In fact, Kho et al. (22) reported that the colocalization of small ubiquitin-related modifier (SUMO1) to SERCA2a can inhibit SERCA2a protein degradation in a model of heart failure. It is not yet known if SUMO1 binds SERCA1a in skeletal muscle, or if exercise training may enhance the colocalization of SUMO1 with SERCA1a or SERCA2a in skeletal muscle as a strategy to reduce protein turnover, which we speculate might occur. The observed changes in SERCA1a and SERCA2a protein content stimulated by exercise training were not accompanied by similar changes in V max . This discrepancy is difficult to explain. It is possible that the number of functional SERCA proteins was modified by exercise. For example, Schertzer et al. (42) has previously reported that an acute bout of treadmill running followed by 45 min of passive recovery enhances the number of functional SERCA proteins in sarcoplasmic reticulum vesicles isolated from rat skeletal muscle. Tissue limitations prevented us from performing a similar assessment using mouse skeletal muscle in the present study. The discrepancy between the observed changes in SERCA1a and SERCA2a protein content and V max cannot be explained by the observed changes in PLN protein content, as PLN reduces the specific activity of SERCA2a at submaximal concentrations of Ca 2ϩ (33) . Even so, exercise training enhanced p-PLN Ser16 phosphorylation by ϳ158% and Ca 50 by ϳ26% in Ex WT mice, compared with WTϩSed mice. This outcome would be expected to increase SERCA activity at submaximal calcium concentrations. In contrast, exercise did not influence Ca 50 among KD mice. However, this response may be explained by the fact that Ca 50 was already ϳ21% lower among KDϩSed mice, compared with WTϩSed mice.
Fiber type-specific regulation of SERCA isoform mRNA expression. A previous study by Lee-Young et al. (26) reported that exercise training up regulates AMPK␣ Thr172 phosphorylation in a fiber type-specific manner. Thus we decided to utilize the LCM technique to enrich areas of high and low type I fiber content based on the expression pattern of MHC-1␤. This laser capture method has been employed in previous studies to examine mitochondrial adaptations in different muscle fibers (7), electron transport system abnormalities (57) , and changes in fiber type distribution in obese and diabetic animals (1) . In the present study, we utilized immunohistochemistry and nonnormalized MHC-1␤ mRNA values to confirm the selection of enriched slow-twitch and fast-twitch muscle fibers from the different LCM tissue types (i.e., whole, type I, and type II). It was notable that exercise training stimulated a threefold increase in MHC-1␤ mRNA expression in LCM-whole tissue Fig. 6 . A schematic representation summarizing the effects of exercise training and reduced AMPK␣2 activity on SERCA expression and function. A: under exercise conditions, WT mice show increased phosphorylation of AMPK. In LCM-whole and LCM-typeII fibers, SERCA1a mRNA increased, while mRNA levels of SERCA2a increased in LCM-whole, LCM-typeI, and LCMtypeII fibers. Exercise elevated the mRNA level of MHC-1␤ in LCM-whole tissue and LCM-typeI and LCM-typeII fibers. Protein levels of both SERCA1a and SERCA2a also increased as a result of exercise. The Ca 2ϩ sensitivity of SERCA decreased as a result of exercise, but the Vmax does not. Exercise caused increased phosphorylation of PLN at Ser 16 but decreased protein levels of PLN. B: under exercise conditions, KD mice show increased phosphorylation of AMPK. In LCM-whole tissue and LCM-typeII fibers, SERCA1a mRNA increased, while mRNA levels of SERCA2a increased in LCM-whole tissue and LCM-typeI and LCM-typeII fibers. MHC-1␤ mRNA levels did not change as a result of exercise in KD mice. Protein levels of both SERCA1a and SERCA2a also increased as a result of exercise. In KD mice, exercise did not cause any changes in the Ca 2ϩ sensitivity or Vmax of SERCA. Exercise caused a reduction of protein levels of PLN, but had no effect on its phosphorylation. C: under exercise conditions, differences between WT and KD mice exist. KD mice show decreased levels of p-AMPK following exercise compared with WT mice. Although there was no difference in the effect of exercise on mRNA levels of SERCA1a, KD mice exhibited lower levels of SERCA2a in LCMtypeI fibers compared with WT mice. Exercise reduced the mRNA level of MHC-1␤ in LCM-whole tissue and LCM-typeI fibers in KD mice compared with WT mice. Protein levels of SERCA1a were reduced, whereas there was no change in SERCA2a protein levels. In KD mice, exercise did not change the Ca 2ϩ sensitivity compared with WT mice, but Vmax of SERCA was reduced. Exercise increased the protein levels of PLN in KD mice compared with WT, but had no effect on its phosphorylation. 2, Decrease; 1, increase; ?, undetermined; ⌬, change.
isolated from WT mice compared with Sed WT mice. Similar changes for MHC-1␤ mRNA levels were observed in LCMtypeI as well as LCM-typeII tissue samples. These data support previous observations made by Klitgaard et al. (24) , where they reported a greater increase of MHC-1␤ protein levels in vastus lateralis muscle in subjects who regularly exercised (i.e., walking, cycling, and jogging). Our novel data also indicate that exercise training did not alter MHC-1␤ mRNA expression in the LCM-whole or enriched LCM-typeI or LCM-typeII tissue isolated from KD mice. We interpret these observations as an indication that the AMPK␣ 2 subunit has a role for regulating exercise-induced changes of MHC-1␤ mRNA in skeletal muscle. This observation supports the previous work reported by Rockl et al. (39) , indicating that AMPK␣ 2 influences the regulation of MHC isoforms.
Vanderburg and Clarke (55) have utilized LCM to determine that hindlimb immobilization differentially regulates SERCA1a and SERCA2a mRNA expression among type I and type II fibers isolated from gastroc muscle. Even so, to our knowledge, the present study is the first to utilize the LCM technique to examine changes in mRNA expression of various proteins following exercise training. A novel observation generated using the LCM technique was the identification of a main effect of exercise training for both SERCA1a and SERCA2a mRNA expression in LCM-whole and LCM-typeII tissue. In contrast, exercise training did not influence the expression of SERCA1a mRNA among LCM-typeI tissue. Notably, the KD genotype did not influence the exercisestimulated response for SERCA1a in any of the LCM tissue samples. SERCA2a mRNA increased 30-fold in WTϩEx, compared with WTϩSed, but this exercise-stimulated effect was blunted among KD mice. Based on these observations, it appears that AMPK␣ 2 influences the regulation of SERCA2a mRNA in type I muscle fibers, but does not directly influence mRNA expression of SERCA1a in type I muscle fibers or either isoform in type II muscle fibers. It is unclear to us why this fiber type-specific difference was observed; however, it may have been influenced by the observed upregulation of MHC-1␤ among both LCM-typeI and typeII fiber samples induced by exercise training. The up regulation of SERCA2a mRNA would be consistent with an exercise-induced transition from fast-to slow-twitch fiber types. The observed exercisestimulated fiber type-specific difference in SERCA isoform expression may also be explained, at least theoretically, based on the size principle, which indicates that type I fibers are recruited initially on contraction to remain active until they become fatigued.
Limitations. A limitation of this work exists within the use of LCM. This method was somewhat limited in its ability to select slow-and fast-twitch muscle fibers. We used stained slices to identify areas with a high concentration of either type I or type II muscle fibers. Unfortunately, this approach does not allow the specific selection of single type I or type II fibers alone. As a result, we were forced to isolate an enriched area of mostly type I or mostly type II fibers within each LCM sample. Our results would be more specific if we would have used immunohistochemistry to identify type IIa, type IIx, and type IIb muscle fibers rather than simply using the approach employed to stain type I fibers based on MHC-1␤ isoform content. Even with this limitation, our LCM mRNA expression data indicate that the approach we used to isolate MHC-1␤ expression was 200-fold lower in LCM-typeII tissue, compared with LCMtypeI tissue samples. Vanderburg and Clarke (55) previously utilized a similar LCM approach and pooled samples of a particular type together to demonstrate that hindlimb immobilization enhanced SERCA1 mRNA expression and reduced SERCA2a mRNA expression in type I fibers, but increased SERCA2a mRNA expression in type II fibers.
Another limitation is that KD mice do not have a complete inactivation of AMPK. In our study, AMPK phosphorylation was reduced by ϳ46% in skeletal muscle. Thus the residual p-AMPK activity would be expected to stimulate some AMPK-dependent signaling pathways. For example, we provide data indicating that p-ACC, which is a downstream target of p-AMPK, was not completely inhibited. We did consider using muscle-specific AMPK␣ 1 and AMPK␣ 2 KO mice; however, they were not commercially available. Whole body AMPK␣ 1 and AMPK␣ 2 KO animals would complicate our experimental design, because the physiological functions of a variety of tissues other than skeletal muscle are altered.
Summary. The present study examined whether AMPK␣ 2 regulates SERCA1a and SERCA2a expression and function in skeletal muscle isolated from Sed or Ex WT or KD mice. Our findings, as summarized in Fig. 6 , indicate that SERCA1a protein content and SERCA V max is downregulated in whole gastroc muscle isolated from KD mice, compared with WT mice. Moreover, our data indicate that SERCA1a and SERCA2a mRNA expression are differentially regulated in response to exercise training based on the specific fiber type assessed. Finally, the exercise-stimulated upregulation of SERCA2a mRNA among type I fibers is blunted in muscle isolated from KD mice, compared with WT mice. Based on these data, we suggest that AMPK␣ 2 has a role for regulating SERCA isoform expression in skeletal muscle. 
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